Abstract In order to meet engineering needs of Chinese underground coal mines, a new dust-collecting fan, a device of dust separated by centrifugal force in driven cyclone passageway (DCCP) was designed. In centrifugal dust removal section (CDRS) of DCCP, a general equation is derived from the principle of force equilibrium. According to CDRS structure parameters and fan running parameters, the general equation is simplified, and the simplest equation is calculated numerically by MATLAB. The calculation results illustrate that increasing quantity of air current is against dust removal, but it is beneficial to dust removal by increasing the radius of driven spiral blade and increasing the particle diameter of coal dust. The conclusions show that the dust-collecting structure parameters coupled with the fan running parameters is a novel optimization approach to dust-collection fan for working and heading faces, which is especially suitable for Chinese underground mines.
Introduction
It was known that overexposure to airborne respirable dust will cause disabling or fatal respiratory disease, and health problems of coal dust have been an ongoing occupational health concern. As far as Chinese coal mines, it was reported that there was over 2.65 million workers exposure to dust and the pneumoconiosis detection percentage was up to 7.2 %, and the number of accumulated pneumoconiosis patients had been over 57,000 (Zheng 2011) . The risks of occupational health of workers, who exposure to coal dust cloud, are directly related to coal metamorphic degree, coal dust concentration, cumulatively exposure time et al. (Naidoo et al. 2005; Belle and Phillips 2009; Onder and Yigit 2009; Qin and Liu 2009; Zhang et al. 2013) . For examples, the statistical data from NIOSH (The National Institute for Occupational Safety and Health) indicated that: for USA underground coal mines, the pneumoconiosis detection percentage of workers exposure to coal dust had arisen from 4 % to 9 %, from 1999 to 2007, as the mining intensity increased (Hall 2008) . If the pneumoconiosis detection percentage of coal workers can be kept or decreased, the key may be dust isolated and removal in working/heading face, where there usually is the highest concentration of coal dust. In terms of the problem of coal dust pollutant in two faces, the most effective method of pollutant removal may be the dust isolated (or removal) by ventilation and collection by dust catchers (Reed et al. 2004; Guo 2007; Li et al. 2007; Wei 2008; Liu et al. 2009; Liu 2011; Kuznetsov et al. 2012; Li et al. 2012; Liu et al. 2012) . The dust catchers employed in underground coal mines, can be classified as filtering, centrifugal separation and comprehensive system (Colinet et al. 2005; Black et al. 2007; Shorokhov et al. 2009; Koo et al., 2010; Faschingleitner and Hoflinger 2011; Torano et al. 2011; Konorev and Nesterenko 2012; Li et al. 2013) . For examples, the dust catcher usually applied in German underground coal mines, is usually a fiber bag precipitator, its dust collection efficiency is high and the bulk is also large. In Poland, the main dust catcher is a cyclone dust collector, and its collection efficiency is up to 99.3 %, and the dewatering efficiency is also up to 98 %, but the operating resistance is over 2,300 Pa. The collection efficiencies of the above two dust precipitators are usually higher than 95 %, but they may be not suitable for application in Chinese underground mines. Why is so? In the view of economy to technique ratio and engineering geology, the cross sectional area of heading/mining faces is usually not larger than 15 m 2 , and the most part is lower than 10 m 2 , especially underground coal mines in central southern and southwestern China such as Hunan, Guizhou, Yunan, etc. Therefore, the advanced dust precipitators, which are employed in Germany, Poland et al., are in too large bulk or too high operating resistance for the majority of Chinese underground coal mines. Comprehensively analyzing research progress at home and abroad, as far as Chinese underground coal mines, the shortcoming of the existing dust collector is that: (1) the efficiency of dust removal is low (about 80 %), or (2) the dewatering rate is low (lower than 85 %), or (3) the operating resistance is high (more than 2,200 Pa), or (4) the length/width is long/ wide (more than 10 m/2.5 m), or (5) the bulks are large.
With consideration on the engineering conditions of Chinese underground coal mines, a novel dust-removal fan based on the studies of home and abroad, named as DCCP was designed.
Design of DCCP
DCCP is shown in Fig. 1 , and consists of three sections. The first is the fan section, and CDRS is the second section, and the third is the dewatering section.
Firstly, the polluted air current, which transports coal dust, is driven by the rotating blades of the fan, then, the polluted air current flows into the DCCP. The extending axis connected with the fan axis by coupling connection. The spiral blade is fixed on the extending axis, is followed with rotation if the fan blades rotate. If the spiral blade is rotating, an interesting phenomenon will appear in CDRS of DCCP. The airflow passageway in CDRS is transformed to the cyclone passageway, named as a driven cyclone passageway. Secondly, the polluted air current in CDRS is constrained by the driven cyclone passageway, and the velocity components of air current has axial, radial and tangential, so the air current in CDRS is transformed to a spiral air current. Thirdly, the dust particles are separated from the polluted air current by centrifugal force, and are captured by water sink. Finally, the watering air current from CDRS, is dewatered by water baffles, and is handled into a purified air current, which is closer to non-dust and non-water.
3 Theoretical analysis and simplification of dust catching in CDRS
In CDRS, the motion of a dust particle transported by the spiral air current is controlled by the force, which has axial, radial and tangential components. If the centrifugal force of the polluted air current, which transports a dust particle, is not equal to the force of the dust particle, and the particle may escape from micro stream tube of the polluted air current, then the particle may move toward the CDRS inner wall, and may be captured by the water surface of the water sink. In conclusion, the procedure of a dust particle removal is constituted of escaping, moving and capturing. The motion of a dust cloud is shown in Fig. 2 . Figure 3, which is a sectional drawing of Fig. 2 , is the detail of CDRS structure parameters and analyzed forces of a coal particle in CDRS. The possibility of the coal particle moving toward the CDRS inner wall is mainly affected by the drag force from the air current and the centrifugal force of the particle by itself, and etc. Ignoring other effects, it is desirable that the moving coal particle should be affected by the centrifugal and drag forces. The coal particle, which is exerted by the centrifugal force and a radial component, continually moves toward the CDRS inner wall. The centrifugal force, which exerts to the dust particle, increases gradually with the radius increasing, by which the moving particle is located in CDRS; at the same time, the drag force of the particle increasing continuously as well, inevitably, the increasing drag force is gradually closer to the centrifugal force; finally, the two forces may be equal to each other. In other words, the coal particle is in the dynamic balance of both forces. Under the condition of the dynamic balance, the radius of moving coal particle is named as the dynamic balance radius, and the analysis method is named as Bradley's Balance Orbit Theory (Bradley and Pulling 1959) . Based on the large number of research practices, the theory is suitable for the force analysis of floating dust of large diameter and falling dust (Bradley and Pulling 1959; Clayton et al. 2011) . It is desirable that Bradley's Balance Orbit Theory should be applied in the force and velocity analysis of a coal particle in CDRS of DCCP, which is larger than 2 lm as far as diameters. By virtue of the theory, the purpose of this paper is the optimization of CDRS structure parameters coupled with running parameters. The optimized results, which are contained in both parameters, can improve CDRS efficiency of dust removal. In CDRS, not only the coal particle is controlled by its centrifugal force, but also controlled by drag force of the airflow. And the equations are as follows:
In Eqs. (1) and (2), C is the centrifugal force of coal particle, N; S, the drag force of coal particle, N;
6, the relative gravity of coal particle, kg; u a , the linear velocity of air current, m/s; R, the radius of coal particle, m; n, the drag coefficient of coal particle, nondimensional; F p ¼ 0:25pd 2 p , the projected area of a coal particle, m 2 ; q p , the density of a coal particle, kg/m 3 ; q a , the density of air current fluid, kg/m 3 ; d p , the diameter of a coal particle, m; x p , the tangential velocity of a coal particle relative to air current, m/s.
Theoretically, analysis of the dust removal efficiency of CDRS usually suppose that a coal particle should be in the balance of each other forces, the drag force of the coal particle is equal to its centrifugal force (Kissell 2003; Masuda et al. 2010) . On the basis of Eqs. (1) and (2), it is obtained as follows:
Transposed Eq. (3), it is obtained as follows:
On the basis of the primary law of a dust falling, the smaller coal particle is, the less possibility of the coal particle falling is. For examples, if a coal particle of 2 lm diameter can be separated by centrifugal force, the coal particle larger than 2 lm must be separated. Supposed that the drag coefficient of discussed coal particle (their diameters larger than 2 lm) should be suitable for Stokes Law (Kulkarni et al. 2011) , namely as follows:
In Eq. (5), l, dynamic viscosity coefficient, PaÁs. Substituted Eq. (5) into Eq. (4), then transposed and simplified, it can be illustrated the centrifugal velocity of the coal particle, which is seen as rigid sphere. It is obtained as follows:
The spiral linear velocity of the polluted air current in CDRS, there consists in the equation as follows: Notes R 1 the radius of CDRS cylinder; R 2 the radius of driven spiral blade; R 0 the radius of extending axis; R x the limited radius of separated particle; R the radius of such a particle in moving; H the radial height of driven spiral blade; C the centrifugal force; S the drag force; x p the tangential velocity; v p the radial velocity; a, b, c, the dust particles
In Eq. (7), p, circumference ratio, nondimensional; n, the rotational speed of the fan in DCCP, r/min. Substituted Eq. (7) into Eq. (6), it is obtained as follows:
In the view of differential, the centrifugal velocity of the coal particle can be also expressed as the ratio of a differential length to its corresponding differential time. It is obtained as follows:
Substituted Eq. (8) into Eq. (9), it is obtained as follows:
In order to integrate Eq. (10), in the left of equation, dt, the integration range is from 0 to s; in the right of equation, dR, the integration range is from R x (the limited radius of separated coal particle) to R 1 (the radius of CDRS cylinder). Exerted by the centrifugal force, the coal particle moves from such a point toward the CDRS inner wall, and the length is named as its displacement amount, which is related to the time-consumed of the coal particle. Integrated Eq. (10), it is obtained as follows:
Equation (11) is shown: (1) in different radiuses, the moving coal particle has different falling velocities, and (2) as the radius increasing, the falling velocity of the moving coal particle gradually increases, and (3) in the accelerated motion, the coal particle may be fallen into water surface. Integrated Eq. (11), from R x to R 1 , and from 0 to s (s, time-consumed of coal particle falling), it is obtained as follows:
On the basis of dust removal theories, the coal particle is affected by homogeneous centrifugal force that is only related with the radius value, its relaxation time is expressed as follows (Kulkarni et al. 2011) :
Compared Eq. (12) with Eq. (13), the relaxation time of the coal particle is much smaller than its falling timeconsumed. In CDRS, it is desirable that the accelerated movement time-consumed of the coal particle motion should be approximately ignored.
As far as the moving coal particle, the shortest timeconsumed in axial direction in CDRS is expressed as follows:
In Eq. (14), t 0 , the shortest time-consumed of air current from inlet to outlet in CDRS, s; L 0 , the axial length of CDRS, m; u 0 , axial velocity of air current in CDRS, m/s.
In CDRS, the mechanism of dust removal is mainly depended on a dust separated by centrifugal force and the dust captured by water surface. In CDRS, the coal particle falling is necessary, and its falling time is less than its moving time from the inlet to the outlet in axial direction. Therefore, the necessary condition is expressed as follows:
Synthesized Eqs. (12), (14) and (15), it is obtained as follows:
Transposed Eq. (16), it is obtained as follows:
In CDRS, the higher the air current axial velocity is, the larger the limited radius of escaping coal particle, and vice versa is. In other words, the larger the limited radius is, the lower the possibility of a coal particle separated by centrifugal force. If other parameters are fixed, the coal particle, which can be separated from the polluted air current under the condition of the maximal axial velocity, must be separated under the condition of lower than the maximum. The maximum of the air current velocity in axial direction, it is approximately expressed as follows:
In Eq. (18), Q, the volume flow rate of fan in DCCP, m 3 / min; R 2 = R 0 ? H, the radius of driven spiral blade, m.
Substituted Eq. (18) into Eq. (17), it is obtained as follows:
Supposed the diameter of a coal particle equal to d p , if R (the radius of moving coal particle in CDRS inlet) is larger than R x (the limited radius of separated coal particle), the coal particle can be fallen into the CDRS inner wall, otherwise the coal particle would still be transported by the polluted air current, and be flown out CDRS through the outlet. Therefore, the limited radius of separated coal particle, which is a critical value, can divide CDRS into a Theoretical and numerical analysis of coal 341 fallen zone and a non-fallen zone. Under the condition of R x C R C R 1 , the annular area is a fallen zone; and R 2 -C R [ R x , the annular area is a non-fallen zone; obviously, 0 C R [ R 2 , the annular area is also a non-fallen zone. Respectively, the fallen zone and non-fallen zones of CDRS are expressed as follow:
In Eqs. (20) and (21), dV 1 , the differential of the fallen zone of a dust particle, m 3 ; dV 2 , the differential of the nonfallen zone of a dust particle, m 3 ;dz, the differential of the axial length in CDRS, m.
Supposed that the distribution of coal particles should be homogeneous in the polluted air current, a classification efficiency of a d p diameter coal particle is expressed by the probability statistics (Kissell 2003; Masuda et al. 2010; Kulkarni et al. 2011) . The classification efficiency is expressed as follows:
Substituted Eqs. (20) and (21) into Eq. (22), it is obtained as follows:
Substituted Eq. (19) into Eq. (23), it is obtained as follows:
Equation (24) is included 10 variables and 4 constants, such as g d p , R 1 , R 2 , d p , Q et al. In fact, Eq. (24) is the expression of the dust removal mechanism in CDRS of DCCP. Therefore, it is necessary that 10 variables should be discussed and optimized in Eq. (24).
Numerical calculations and results analysis

Engineering simplification and iteration steps
Obviously, the density of a coal particle is much lager than the air current, therefore, Eq. (24) can be simplified as follows:
Under the conditions of auxiliary fan parameters and engineering constraints of Chinese underground mines, let q p = 1.4 9 10 3 kg/m 3 , L 0 = 1 m, n = 2,900 r/min, l = 1.428 9 10 -4 PaÁs. Substituted the above values into Eq. (25), it is obtained as follows:
In Eq. (26), there consist of 5 variables (g d p , R 1 , R 2 , d p and Q). Usually, numerical calculations may be illustrated the relationship of the 5 variables. It is interesting that the calculations should be disclosed the optimized relationship of CDRS structure parameters of DCCP coupled with the running parameters of the auxiliary fan. Finally, the optimized parameters are satisfied with engineering needs. The numerical calculation steps are as follows:
Step 1: As far as such an engineering site, required quantity of air current is calculated, and the range of dust removal fan is ensured, and the auxiliary fan is chosen.
Step 2: Based on the chosen fan, the radius of the CDRS inner wall is ensured.
Step 3: Based on the parameters of the chosen fan, the range of the air current flow rate is ensured. Namely, Q may be valuated. The values of Q are substituted into Eq. (26), respectively. Finally, the equation is simplified.
Step 4: Because the radius of the spiral blade is impossible to be larger than CDRS inner wall, the boundary condition is 0 B R 2 B R 1 . Additionally, if R 2 = 0, there is not any more spiral blade in CDRS; if R 2 = R 1 , the radius of the spiral blade is equal to the value of inner wall radius, under this condition, the spiral passageway in CDRS is evolved into a closed spiral passageway, and the CDRS is transformed into other types, which can't be analyzed by Eq. (26). Therefore, Eq. (26) can be further simplified by the valuated R 2 (R 0 \ R 2 \ R 1 ).
Step 5: g d p is evaluated from 10 % to 90 %. Equation (26) which is substituted by the values is simplified finally.
Step 6: By virtue of numerical calculation tools such as MATLAB et al., as the change of g d p value, the relation between R 2 and d p is analyzed, and the value of R 2 is optimized.
Iteration calculation and results analysis of FBD
No 6.0 engineering case Supposed that the value of required quantity of air current should be known, and the local fan has been chosen as FBD No 6.0. The parameters of FBD No 6.0 are as follows: (1) the radius of cylinder inner wall is 0.300 m, namely R 1 = 0.300 m; (2) the range of volume flow rate is from 256 m 3 /min to 469 m 3 /min; (3) the range of its total pressure is from 4,601 to 1,363 Pa; (4) the capacity of motors is 2 9 15 kW, and the rotation speed is 2900 r/min.
Step 1: As far as the fan of FBD No 6.0, R 1 = 0.300 m is one known parameter of the fan, the R 1 is substituted into Eq. (26), thus it is obtained as follows:
Step 2: Supposed R 0 = 0.009 m, based on the above analysis of step 4 in the Sect. 3.2, so the value of can be valuated as 0.010 \ R 2 \ 0.245.
Step 3: Q is valuated as 280, 320, 360, 400, respectively, the Eq. (27) is further simplified.
Step 4: g d p is valuated by 10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 %, respectively.
Step 5 Additionally, the results of numerical calculations need to verify by test experiments, and the willing of engineering application of DCCP should be come realizable, step by step. At present, a general experiment system of dust removal devices for underground coal mines is built up, and is shown in Fig. 8 . The next work will develop a prototype of DCCP, and experiment tests of the prototype will fulfill on the basis of the general experiment system of dust removal devices for underground coal mines.
Conclusions
Through analysis of dust removal devices at home and abroad, the problems of a dust-removal fan were found out in the research and application in Chinese underground mines, furthermore, DCCP was designed.
(1) On the basis of Bradley's balance orbit theory, the force analysis equations of CDRS in DCCP were deduced out. Based on the deduction, the general equation of dust removal efficiency is presented, and is shown as follows, a. The lower flow rate of air current is, the more beneficial to dust removal in CDRS is. b. The larger radius of driven spiral blade is, the more beneficial to dust removal in CDRS is. c. The larger particle diameter of coal dust is, the more beneficial to dust removal in CDRS is.
(4) The next work of dust removal in CDRS should be focused on the optimization of the driven spiral blade radius and flow rate of air current, and be fulfilled experimental tests.
